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The occurrence and spread of antibiotic-resistant bacteria (ARB) are pressing public health problems
worldwide, and aquatic ecosystems are a recognized reservoir for ARB. We used culture-dependent methods
and quantitative molecular techniques to detect and quantify ARB and antibiotic resistance genes (ARGs) in
source waters, drinking water treatment plants, and tap water from several cities in Michigan and Ohio. We
found ARGs and heterotrophic ARB in all finished water and tap water tested, although the amounts were
small. The quantities of most ARGs were greater in tap water than in finished water and source water. In
general, the levels of bacteria were higher in source water than in tap water, and the levels of ARB were higher
in tap water than in finished water, indicating that there was regrowth of bacteria in drinking water distri-
bution systems. Elevated resistance to some antibiotics was observed during water treatment and in tap water.
Water treatment might increase the antibiotic resistance of surviving bacteria, and water distribution systems
may serve as an important reservoir for the spread of antibiotic resistance to opportunistic pathogens.

The occurrence and spread of antibiotic-resistant bacteria
(ARB) are pressing public health problems worldwide, and
aquatic ecosystems are a recognized reservoir for ARB and
antibiotic resistance genes (ARGs) (4, 6, 8, 11, 12, 15, 39).
Naturally occurring ARB and ARGs in the aquatic environ-
ment are selected for and enriched for by antibiotics found in
sewage and agricultural runoff, which result from the wide-
spread and increased use of antibiotics (4, 11, 12, 15, 38).
Historically, concerns about the microbial quality of drinking
water have focused on the occurrence of pathogens in drinking
water distribution systems (5, 34). However, the presence of
trace levels of antibiotics and ARB in source water and fin-
ished drinking water may also greatly affect public health and
is an emerging issue for the general public and the drinking
water industry (3, 30). Although several studies have detected
ARB in drinking water systems (2, 3, 20, 30, 38), most previous
studies focused on cultivable bacteria and/or indicator organ-
isms. Little is known about the fate of ARGs in drinking water
systems, and it was recently proposed that ARGs are emerging
contaminants (24).

We used culture-dependent methods and molecular tech-
niques to investigate the prevalence and dynamics of hetero-
trophic ARB and ARGs in a drinking water source (source
RW-P) and treated drinking water (source DW-P) (see Mate-
rials and Methods in the supplemental material). We tested
water from a drinking water plant located in Michigan and tap
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water from several small cities located in Michigan and Ohio
(sources TW-1, TW-2, TW-3, and TW-4). Two independent
samples were collected each time at each collection site at
three different times, and we used four replicates from each
sample for tests. We tested bacterial resistance to the following
antibiotics: amoxicillin (amoxicilline), chloramphenicol, cipro-
floxacin, gentamicin, rifampin (rifampicin), sulfisoxazole, and
tetracycline. We also examined the presence of eight ARGs,
including beta-lactam resistance genes (blargy and blagyy,),
chloramphenicol resistance genes (cat and cmr), sulfonamide
resistance genes (sull and sulll), and tetracycline resistance
genes (fetO and tetW).

Total heterotrophic plate counts (HPC) were determined
using R,A agar without added antibiotics. The water treatment
process reduced the total HPC from 9.9 X 10° CFU/100 ml in
source water to 68 CFU/100 ml in treated drinking water,
indicating that there was efficient removal and/or deactivation
of total HPC (Table 1). In contrast, the total 16S rRNA gene
copy number decreased from 3.4 X 107 copies/100 ml in source
water to 1.6 X 10° copies/100 ml in treated drinking water (Fig.
1). The discrepancy between the reduction in the HPC and the
reduction in the total 16S rRNA gene copy number suggests
that the final disinfection step effectively inactivated bacteria
but most of the dead or damaged cells were still present in
finished drinking water. The number of HPC in tap water
ranged from 3.44 X 10% to 6.1 X 10* CFU/100 ml water, values
that are lower than those for source water but significantly
higher than those for treated drinking water, indicating that
there is regrowth of bacteria in drinking water distribution
systems. The copy numbers of total 16S rRNA genes in tap
water ranged from 2.45 X 10° to 1.02 X 107 copies/100 ml
water. The higher levels suggested by the 16S rRNA data are
consistent with results of previous studies demonstrating that
only 5 to 10% and 1% of bacteria in wastewater and soil,
respectively, can be cultivated or identified by culture-based
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TABLE 1. Prevalence of ARB HPC in source water, finished drinking water, and tap water from four towns”

% of total HPC resistant to:

Sample? Total HPC

(CFU/100 ml) Amoxicillin Ciprofloxacin Chloramphenicol Gentamicin Rifampin Sulfisoxazole Tetracycline
RW-P 1.19 x 10° 11.67 = 4.39 11.60 = 5.92 4.17 £ 1.93 14.42 =552 10.85 = 3.57 7.46 = 3.87 1.66 = 0.80
DW-P 68 39.55 £ 9.79¢ 477 =471 19.45 = 5.60¢ 21.96 + 1443 47.98 = 17.99¢ 1.17 = 1.14¢ 1.50 = 1.24
TW-1 1.6 x 10* 1522 = 2.73¢ 9.99 = 4.76 13.96 = 3.70¢ 13.40 = 1.73 62.00 = 8.96° 334 £ 1.21 3.78 = 0.93°4
TW-2 6.04 x 10* 3.02 =0.19 13.14 = 0.48 5.49 = 0.47 4.67 = 0.21 28.10 = 1.72 7.85 = 0.67 0.08 = 0.01
TW-3 3.44 % 10° 4.07 £ 0.17 0.18 = 0.07 0.75 £ 0.39 2.18 = 0.62 82.15 = 1.50 0.33 = 0.03 0.98 = 0.38
TW-4 2.46 X 10° 14.33 £ 1.74 0.18 = 0.05 2.05 = 0.04 9.76 = 0.34 14.23 = 1.69 0.12 = 0.001  0.04 = 0.002

“ Prevalence was defined as the percentage of resistant HPC in the total HPC. The statistical analysis was done using six samples for each type and four technical
replicates for each sample.

> RW-P, source water from the drinking water treatment plant; DW-P, finished drinking water from the drinking water treatment plant; TW-1, tap water from the
city where the drinking water treatment plant is located; TW-2, TW-3, and TW-4, tap water from three towns in Michigan and Ohio close to the city where the TW-1

drinking water treatment plant is located.
¢ Significantly different from RW-P.
4 Significantly different from DW-P.

methods (9, 37). A significant correlation (P < 0.05, R* = 0.78)
was found between the 16S rRNA gene copy number and the

total HPC if treated drinking water (DW-P) data were not
included (Fig. 1). This suggests that cultivable bacteria in
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FIG. 1. Heterotrophic bacteria and the 16S rRNA gene in different
water samples. (A) Copy numbers of the 16S rRNA gene and numbers of
heterotrophic bacteria (CFU) in 100 ml water. (B) Correlation (P < 0.05,
R? = 0.78) between the copy number of the 16S rRNA gene and the
number of heterotrophic bacteria in different water samples (without
the data for DW-P). RW-P, source water from the drinking water treat-
ment plant; DW-P, finished drinking water from the drinking water treat-
ment plant; TW-1, tap water from the city where the drinking water
treatment plant is located; TW-2, TW-3, and TW-4, tap water from three
towns in Michigan and Ohio close to the city where the TW-1 drinking
water treatment plant is located. The statistical analysis was done using six
samples for each type of water sample. Lg, log,.

drinking water represent only a small portion of the total
bacterial biomass. Including treated drinking water (DW-P)
data resulted in a distorted correlation, suggesting that a large
proportion of the 16S rRNA genes present came from dead
and/or damaged cells. The levels of total heterotrophic bac-
teria were significantly higher in tap water (TW-1) than in
treated drinking water (DW-P), indicating that there was
bacterial regrowth in the water distribution system.

The prevalence of HPC resistant to antibiotics was deter-
mined using R,A agar containing amoxicillin (4 mg/liter),
chloramphenicol (16 mg/liter), ciprofloxacin (2 mg/liter), gen-
tamicin (8 mg/liter), rifampin (2 mg/liter), sulfisoxazole (256
mg/liter), or tetracycline (8 mg/liter). Some groups of hetero-
trophic bacteria were resistant to all of the antibiotics at the
concentrations tested in all water samples (Table 1). In the
source water, 14.4% of the HPC were resistant to gentamicin
and 1.7% were resistant to tetracycline. The resistance of HPC
to amoxicillin, chloramphenicol, and rifampin was significantly
higher (P < 0.01) in treated drinking water than in source
water, while the resistance to sulfisoxazole was significantly
lower (P < 0.01). Compared to treated drinking water (DW-
P), the resistance of HPC to tetracycline in tap water was
significantly greater and the resistance to amoxicillin was sig-
nificantly lower (P < 0.01). The resistance to chloramphenicol
and rifampin remained higher than the resistance in source
water. The prevalence of HPC antibiotic resistance in tap wa-
ter samples collected from other cities varied, but the resis-
tance of HPC to rifampin was particularly high in all tap water
samples.

A number of previous studies have reported that ARB are
common in drinking water (2, 3, 19, 25, 33). We added to these
studies by testing water both before and after treatment, as
well as tap water. Although the bacterial concentration was
effectively lower during water treatment, the prevalence of resis-
tance to amoxicillin, rifampin, and chloramphenicol nevertheless
increased significantly.

Several studies have discovered that chlorine, an agent
widely used for disinfection, selects for ARB (2, 3, 9, 16, 33,
37). Armstrong et al. (2, 3) found that there was a significant
increase in the proportion of multidrug-resistant (MAR) bac-
teria following flash mixing with chlorine. Murray et al. (16)
demonstrated that the proportion of bacteria resistant to am-
picillin and cephalothin (cefalotin) in sewage increased signif-
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icantly following chlorination, and they observed a significant
increase in the proportion of MAR strains during chlorination
in laboratory experiments. Other studies demonstrated that
the susceptibility of ARB to a disinfectant and the susceptibil-
ity of antibiotic-susceptible bacteria to a disinfectant are sim-
ilar (7, 28), indicating that disinfection does not select ARB
but instead induces the development of antibiotic resistance.
Armstrong et al. (2, 3) suggested that stress-tolerant bacteria
selected by chlorination might be more antibiotic resistant, and
one study found that suboptimal chlorine treatment of drink-
ing water selected for MAR Pseudomonas aeruginosa (33).

The mechanism of chlorine-induced antibiotic resistance in
bacteria is unknown. It is possible that chlorine can increase
expression of the multidrug efflux pumps, leading to resistance
to disinfection by-products as well as antibiotics. The drinking
water treatment plant that we sampled used monochloramine
as a disinfectant. No previous study has reported the effects of
monochlroamine disinfection on ARB, but our results suggest
that monochlromaine disinfection may have an effect similar to
that of chlorine disinfection.

Real-time PCR was used to quantify ARGs (including cat,
cmr, blargy, blagyy,, sull, sulll, tetW, and tetO) in collected
water samples. All ARGs tested were detected in all water
samples, except for the terO and fetW genes, which were de-
tected only in source water (Fig. 2). The copy number of each
ARG in 100 ml water was calculated and normalized to the
copy number of the total 16S rRNA genes to determine the
relative abundance of each ARG in the water samples. Com-
pared to the copy number in finished water, the copy number
of ARGs in tap water was significantly greater (P < 0.001),
except for the blag gene, whose copy number was not sig-
nificantly different (P = 0.124); the fetO and tetW genes were
not detected in the drinking water sample after treatment. In
terms of the relative abundance of ARGs in bacterial popula-
tions, all ARG/16S rRNA gene ratios were less than —3 log.
Compared to source water, treated drinking water had a higher
abundance of the cat and bla;y, genes (P < 0.001) but a lower
abundance of the sull gene (P < 0.001) (Fig. 2). No significant
difference in any other ARG was found. After distribution, no
significant change was observed in any ARG, except that the
abundance of the bla),, gene was significantly increased (P <
0.01) compared with the abundance in treated drinking water
(DW-P) or in tap water (TW-1) (Fig. 2). The ARGs were also
present in tap water samples collected from other cities. The
similarity of the abundance of ARGs in the different tap water
samples is quite remarkable (Fig. 2). The relative abundance of
all ARGs was similar to that in the TW-1 tap water sample,
except that the relative abundance of sulll and blag;, was
lower in the TW-2 and TW-3 tap water samples (Fig. 2).

The quantities of individual ARGs were not significantly
correlated with either HPC counts or 16S rRNA genes (data
not shown), indicating that the ARGs tested were not evenly
distributed among the bacterial populations in the water sam-
ples. However, the overall trends in quantity were similar for
some ARGs and ARB. For example, in source water, treated
drinking water, and tap water (TW-1), the number of hetero-
trophic bacteria resistant to amoxicillin, chloramphenicol, and
sulfisoxazole corresponded to the proportion of genes coding
for resistance to these antibiotics (blagyy, cat, and sull, respec-
tively).

APPL. ENVIRON. MICROBIOL.

Bacteria may inherit resistance to some antibiotics or can
develop resistance via spontaneous mutation or the acquisition
of resistant genes (35). The acquisition of a resistant gene via
horizontal gene transfer is the most common and easiest way
for bacteria to develop antibiotic resistance both in the envi-
ronment and in a host (26, 29). Many bacteria transmit ARGs,
and these ARGs were recently proposed to be emerging con-
taminants because of their widespread occurrence in aquatic
ecosystems (13, 21, 22, 24). Plasmid-mediated bla gy, and
blag, are the most common genes coding beta-lactamases
and “extended-spectrum” beta-lactamases, a major cause of
resistance to beta-lactams, and they are increasingly being
found in different settings worldwide (14, 23). The enzymes
encoded by these genes confer unequivocal resistance to am-
picillin, amoxicillin, ticarillin, and carbenicillin (32, 36). We
detected blargy, and blag;yy, genes in all but one water sample,
which is evidence that these genes are distributed widely in
drinking water systems. The selective increases in the levels of
both genes in tap water due to either water treatment or
regrowth within drinking water distribution systems suggest
that the spread of at least some beta-lactam-resistant determi-
nants may occur through drinking water distribution systems.

Both tetO and tetW are tetracycline resistance genes en-
coding ribosomal protection proteins. Both of these genes
are common in intestinal and rumen environments (1, 31);
thus, their presence may indicate fecal contamination (22).
If the tetO and tetW genes truly represent the level of fecal
contamination, our results show that drinking water treat-
ment was effective for eliminating and controlling fecal con-
tamination.

The most frequent cause of bacterial resistance to chloram-
phenicol is enzymatic inactivation by acetylation of the drug via
different types of chloramphenicol acetyltransferases encoded
by cat genes (17), but other mechanisms, such as efflux systems,
may also contribute to chloramphenicol resistance (18). The
proportion of cat genes increased significantly following water
treatment, suggesting that the drinking water treatment did not
effectively remove or inactivate the chloramphenicol-resistant
bacterial population. On the other hand, the cmr gene, an efflux
pump gene related to chloramphenicol resistance, showed little
variation in different water sources.

Sulfonamides act as competitive inhibitors of the enzyme
dihydropteroate synthase in the folic acid pathway of bacterial
and some eukaryotic cells. sull and sulll encode alternative
sulfonamide-resistant dihydropteroate synthases in gram-neg-
ative clinical bacteria, and both genes commonly occur (often
at roughly the same frequency) in sulfisoxazole-resistant gram-
negative clinical isolates (10). The drinking water treatment
process significantly decreased the abundance of the sull gene
but had no significant influence on the sulll gene.

In summary, we found heterotrophic ARB and ARGs in all
finished water and tap water tested, although the amounts were
small. The size of the general population of bacteria followed the
order source water > tap water > finished water, indicating
that there was regrowth of bacteria in drinking water distribu-
tion systems; elevated resistance to some antibiotics was ob-
served during water treatment and in tap water. We show that
the quantities of most ARGs are greater in tap water than in
finished water and source water. The increased levels of ARGs
and specialized groups of ARB in tap water compared to
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FIG. 2. Quantities of ARGs in different water samples. The bars indicate the copy numbers of the resistance genes normalized to the 16S rRNA
gene copy number, and the symbols indicate the absolute copy numbers of ARGs in 100 ml water. RW-P, source water from the drinking water
treatment plant; DW-P, finished drinking water from the drinking water treatment plant; TW-1, tap water from the city where the drinking water
treatment plant is located; TW-2, TW-3, and TW-4, tap water from three towns in Michigan and Ohio close to the city where the TW-1 drinking

water treatment plant is located. The statistical analysis was done using six samples for each type of water sample. Lg, log,.

finished water and source water suggest that water treatment
could increase the antibiotic resistance of surviving bacteria
and/or induce transfer of ARGs among certain bacterial pop-
ulations. Water distribution systems could serve as an incubator
for growth of certain ARB populations and as an important res-
ervoir for the spread of antibiotic resistance to opportunistic
pathogens. Drinking water treatment processes and distribu-
tion systems can impact the spread of antibiotic resistance.
Rusin et al. (27) estimated that the risk of infection by bacteria

in drinking water was as low as 7.3 per billion people for
exposure to low levels of Aeromonas and as high as 98 per 100
patients receiving antibiotic treatment exposed to high levels of
Pseudomonas (27). Whether exposure to ARB results in an
increased risk to the general public, particularly individuals
with compromised immune systems, the very young, the very
old, or individuals with chronic conditions, is not known and
deserves further study. Future research should identify factors
accounting for the selective increase in antibiotic resistance
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and develop new methods and approaches to reduce accumu-
lation of such resistance.

This work was supported by the Graham Environmental Sustain-
ability Institute at the University of Michigan.
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